Abstract: Using reanalysis and the sea surface temperature (SST) analysis, the combined impact of El Niño-Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) on the northern winter stratosphere is investigated. The warm and weak stratospheric polar vortex response to El Niño simply appears during positive PDO, whereas the cold and strong stratospheric polar vortex response to La Niña is preferable during negative PDO in the reanalysis. Two mechanisms may account for the enhanced stratospheric response when ENSO and PDO are in phase. First, the asymmetries of the intensity and frequency between El Niño and La Niña can be identified for the two PDO phases. Second, the extratropical SST anomalies in the North Pacific may also play a role in the varying extratropical response to ENSO. The North Pacific SST anomalies related to PDO superimpose ENSO SST anomalies when they are in phase but undermine them when they are out of phase. The superimposed North Pacific SST anomalies help to increase SST meridional gradient anomalies between tropical and extratropics, as well as to lock the local height response to ENSO. Therefore, the passages for the upward propagation of waves from the troposphere is more unimpeded when positive PDO is configured with El Niño, and vice versa when negative PDO is configured with La Niña.
Introduction
The significant response of the northern winter stratosphere to El Niño-Southern Oscillation (ENSO) has been widely reported in a large number of observational [1] [2] [3] [4] [5] and modeling [6] [7] [8] [9] [10] [11] [12] [13] [14] studies. However, recent studies showed that the enhanced planetary wave response to El Niño and the suppressed planetary wave response to La Niña is asymmetric [15] [16] [17] . Specifically, due to the nonlinear relationship between sea surface temperature (SST) and precipitation, the positive Pacific-North America (PNA)-like height pattern induced by El Niño is usually stronger than the negative PNA pattern induced by La Niña. The positive PNA teleconnection corresponds to a low anomaly center over the North Pacific region (i.e., the Aleutian low), which is in phase with the
Data and Methodology

Atmospheric Reanalysis and SST
The National Centers for Environmental Prediction and National Center for Atmospheric Research (NCEP/NCAR) reanalysis I, covering the period 1948-2017 [49] , is employed as the atmospheric observations. As reported in Rao et al. [50] , the NCEP/NCAR reanalysis has the longest timespan among several reanalyses that have reliable stratospheric climatology and interannual variations. More detailed descriptions about this reanalysis can be found in Kalnay et al. [49] . The SST used to obtain the spatial pattern and time series of PDO and El Niño is extracted from the Hadley Centre sea-ice and sea surface temperature dataset (HadISST) [51] .
Data Processing and Methods
For any variable from the atmospheric reanalysis and SST analysis, its anomaly is obtained by subtracting its long-term trend and seasonal cycle from its monthly mean raw fields during 1948-2017. The observed El Niño signal in the stratosphere may be mixed with the equatorial stratospheric quasi-biennial oscillation (QBO) [13, 14, [52] [53] [54] [55] . As in previous studies [13] [14] [15] 19] , we regressed the wintertime stratospheric circulation and temperature anomalies against the 50 hPa QBO time series. The QBO is defined as the equatorial (5 • S-5 • N) zonal-mean zonal wind anomalies. Then, the QBO-related circulation and temperature anomalies (products of the regression patterns and the QBO values) are subtracted from the raw anomaly fields above 100 hPa. Then, the QBO-like signals can be filtered out from the stratosphere before the composite is performed, preventing the possible mixture of QBO and ENSO signals.
After subtracting the long-term trend and seasonal cycle of the SST raw field, the Niño3 index was computed as the area-averaged SST anomalies in the Niño3 region (5 • S-5 • N, 150-90 • W). The El Niño events are selected once the winter (December-January-February, DJF) mean Niño3 index exceeds its half standard deviation in the observations (~0.5 K). The PDO mode [30, 31, 34, 56] is the first empirical orthogonal function (EOF) of SST anomalies in the extratropical Pacific sector (poleward of 20 • N), and the corresponding normalized time series is defined as the PDO index. We regressed the SST anomalies against the PDO index time series to represent the PDO SST spatial pattern. The positive (high) and negative (low) PDO phases refer to its index sign. Figure 1 shows the regressed PDO SST pattern and the normalized PDO time series from HadISST. It can be seen that the Northern Hemisphere midlatitude Pacific is covered with anomalous cold water and the western coast of North America and the tropical-subtropical Pacific regions are dominated by warm water during the positive PDO ( Figure 1a ). The tropical East Pacific cold tongue region is warmer during the positive PDO phase than during the negative PDO phase. The phase conversion of PDO usually leads to decadal change of the stratosphere. For example, Hu et al. [35] reported in their modeling study that the decreasing trend of the PDO (warming of the North Pacific) is responsible for the strengthening of the northern winter stratospheric polar vortex in the past two decades. In observations, short warm PDO phases interrupted the long cold PDO phases from 1940s to 1970s, and short cold PDO phases also broke in the long warm PDO phases from late-1970s to mid-1990s (Figure 1b) . Table 1 lists the different configurations between the 19 (29) observed El Niño (La Niña) events and the PDO phases. To easily distinguish the four configurations between ENSO and PDO, we mark the El Niño/positive PDO configuration with El/P. Similarly, the El/N, La/P, and La/N refer to the El Niño/negative PDO, La Niña/positive PDO, and La Niña/negative PDO configurations, respectively. It can be found that during the positive PDO phase, the number of El Niño and La Niña events are largely asymmetric; namely, El Niño events are twice as likely to happen as La Niña events, consistent with the finding in Verdon and Franks [36] that positive PDO favors the occurrence of El Niño events. In contrast, La Niña events are more likely to occur than El Niño during the negative PDO phase. On average, the El Niño intensity is observed to enhance in the positive PDO (El/P: 1.3 K; El/N: 0.76 K). On contrary, the averaged La Niña intensity is observed to increase in the negative PDO phase (La/P: -0.7 K; La/N: -0.9 K). Table 1 lists the different configurations between the 19 (29) observed El Niño (La Niña) events and the PDO phases. To easily distinguish the four configurations between ENSO and PDO, we mark the El Niño/positive PDO configuration with El/P. Similarly, the El/N, La/P, and La/N refer to the El Niño/negative PDO, La Niña/positive PDO, and La Niña/negative PDO configurations, respectively. It can be found that during the positive PDO phase, the number of El Niño and La Niña events are largely asymmetric; namely, El Niño events are twice as likely to happen as La Niña events, consistent with the finding in Verdon and Franks [36] that positive PDO favors the occurrence of El Niño events. In contrast, La Niña events are more likely to occur than El Niño during the negative PDO phase. On average, the El Niño intensity is observed to enhance in the positive PDO (El/P: 1.3 K; El/N: 0.76 K). On contrary, the averaged La Niña intensity is observed to increase in the negative PDO phase (La/P: −0.7 K; La/N: −0.9 K). The composite SST anomaly distributions for different configurations between ENSO and PDO and their differences are shown in Figure 2 for HadISST. The distribution of the Pacific ENSO SST anomalies is modulated by the PDO. Positive PDO (Figure 2a ) enhances warm SST anomalies in the middle and eastern Pacific during El Niño winters (Figure 2c ) with respect to negative PDO (Figure 2b) . The observed amplification of warm SST anomalies in the equatorial eastern Pacific is accompanied by the strengthening of cold SST anomalies in the North Pacific. The North Pacific cold SST anomalies do not form in the El/N winters, which are cancelled out by the local warm SST anomalies related to the negative PDO. Similarly, the La Niña cold SST anomalies in the equatorial middle and eastern Pacific are amplified during the negative PDO phase (Figure 2e ), while the cold SST anomaly band becomes narrow in the equatorial middle and eastern Pacific during the positive PDO phase (Figure 2d ). Comparing the El Niño and La Niña SST patterns, cold SST anomalies dominated in the North Pacific during the positive PDO phase, although the tropical SST anomalies in El Niño and La Niña winters are oppositely signed during the positive PDO (Figures 2a,d ). It is also noticed that the SST anomaly patterns in the El/P and La/N winters are nearly identical but the sign is reversed (Figures 2a,e) . It is expected the ENSO SST anomalies were filtered out in Figures 1c and 1f , because the SST difference between El/P and El/N, as well as the difference between La/P and La/N, shows a PDO SST pattern (Figures 2c,f ; also see Figure 1a) . The difference between El/P and La/P or the difference between El/N and La/N filters out the PDO SST anomalies (Figures 2g,h) . The "pure" ENSO patterns are very similar, but the central SST intensity in the equatorial eastern Pacific during the positive PDO is stronger than during the negative PDO. The similar SST pattern in El/P and La/N winters can also be verified by their half difference (Figure 2i ). Similarly, the La Niña cold SST anomalies in the equatorial middle and eastern Pacific are amplified during the negative PDO phase (Figure 2e ), while the cold SST anomaly band becomes narrow in the equatorial middle and eastern Pacific during the positive PDO phase (Figure 2d ). Comparing the El Niño and La Niña SST patterns, cold SST anomalies dominated in the North Pacific during the positive PDO phase, although the tropical SST anomalies in El Niño and La Niña winters are oppositely signed during the positive PDO (Figure 2a,d) . It is also noticed that the SST anomaly patterns in the El/P and La/N winters are nearly identical but the sign is reversed (Figure 2a,e) . It is expected the ENSO SST anomalies were filtered out in Figure 2c ,f, because the SST difference between El/P and El/N, as well as the difference between La/P and La/N, shows a PDO SST pattern (Figure 2c ,f; also see Figure 1a) . The difference between El/P and La/P or the difference between El/N and La/N filters out the PDO SST anomalies (Figure 2g ,h). The "pure" ENSO patterns are very similar, but the central SST intensity in the equatorial eastern Pacific during the positive PDO is stronger than during the negative PDO. The similar SST pattern in El/P and La/N winters can also be verified by their half difference (Figure 2i ). Figure 3 presents the composite precipitation and 200-hPa geopotential height responses to different configurations of ENSO and PDO. Warm SST anomalies in the equatorial middle and eastern Pacific increase the atmospheric instability and enhance the convection, leading to more rainfall (Figure 3a,b) . It can be seen that the El Niño-induced rainfall anomalies in the equatorial middle Pacific are larger during the positive PDO than during the negative PDO, which can be explained by the larger warm SST anomalies in El/P winters than in El/N winters (c.f., Figure 2a ,b). The general PNA response is also stronger in El/P winters than in El/N winters. For example, the PNA lobes, including the anomalous tropical Pacific high and North Pacific low are also stronger in El/P winters. It can also be found that the anomalous North Pacific low that responds to El Niño is largely weakened during the negative PDO. The cold SST anomalies that usually accompany El Niño can be neutralized by the negative PDO, which results in a weaker SST meridional gradient anomaly in the North Pacific and less significant height response at 200 hPa. Hu et al. [57] also found that the global warming SST forcing decreasing from the Equator to the Poles induces a stronger extratropical wave and stratospheric temperature responses than the uniform warm SST anomaly forcing does. Figure 3 presents the composite precipitation and 200-hPa geopotential height responses to different configurations of ENSO and PDO. Warm SST anomalies in the equatorial middle and eastern Pacific increase the atmospheric instability and enhance the convection, leading to more rainfall (Figures 3a,b) . It can be seen that the El Niño-induced rainfall anomalies in the equatorial middle Pacific are larger during the positive PDO than during the negative PDO, which can be explained by the larger warm SST anomalies in El/P winters than in El/N winters (c.f., Figures 2a,b) . The general PNA response is also stronger in El/P winters than in El/N winters. For example, the PNA lobes, including the anomalous tropical Pacific high and North Pacific low are also stronger in El/P winters. It can also be found that the anomalous North Pacific low that responds to El Niño is largely weakened during the negative PDO. The cold SST anomalies that usually accompany El Niño can be neutralized by the negative PDO, which results in a weaker SST meridional gradient anomaly in the North Pacific and less significant height response at 200 hPa. Hu et al. [57] also found that the global warming SST forcing decreasing from the Equator to the Poles induces a stronger extratropical wave and stratospheric temperature responses than the uniform warm SST anomaly forcing does. In contrast, the cold SST anomalies in the North Pacific related to the positive PDO overwhelm the La Niña SST anomalies, and the cold SST anomaly band in the tropical Pacific is also fairly narrow (Figure 2d ), so the negative PNA response is not formed (Figure 3c ). Instead, an anomalous low appears over the North Pacific, although negative (albeit weak) height response also appears over the tropical Pacific. The La Niña teleconnection during the negative PDO (Figure 3d ) is largely similar to the El Niño teleconnection during the positive PDO ( Figure 3a ) but with the sign reversed. An anomalous high appears over the North Pacific, and two anomalous lows appear over the tropical middle Pacific and Arctic Canada, respectively. Therefore, the local SST associated with the PDO state should be considered for the extratropical Pacific response to ENSO.
ENSO SST Patterns during Positive and Negative PDO Phases
Modulation of the ENSO Teleconnection by PDO
Sensitivity of Tropospheric ENSO Teleconnections to PDO Phases
To well understand the height responses in Figure 3 , the 200-hPa wave activity flux [58] anomalies during the four different ENSO/PDO configurations are shown in Figure 4 . As the convection over the tropical Central and East Pacific is enhanced, a wave-like response forms over the extratropical Pacific. The wave train emanates from the tropical Central Pacific, propagates along an arc, and bridges tropical thermal forcing with local circulation variations in the extratropical Pacific and North America (Figures 4a,b) . The Pacific ENSO acts as a wave source through changing In contrast, the cold SST anomalies in the North Pacific related to the positive PDO overwhelm the La Niña SST anomalies, and the cold SST anomaly band in the tropical Pacific is also fairly narrow (Figure 2d ), so the negative PNA response is not formed (Figure 3c ). Instead, an anomalous low appears over the North Pacific, although negative (albeit weak) height response also appears over the tropical Pacific. The La Niña teleconnection during the negative PDO (Figure 3d ) is largely similar to the El Niño teleconnection during the positive PDO (Figure 3a ) but with the sign reversed. An anomalous high appears over the North Pacific, and two anomalous lows appear over the tropical middle Pacific and Arctic Canada, respectively. Therefore, the local SST associated with the PDO state should be considered for the extratropical Pacific response to ENSO.
To well understand the height responses in Figure 3 , the 200-hPa wave activity flux [58] anomalies during the four different ENSO/PDO configurations are shown in Figure 4 . As the convection over the tropical Central and East Pacific is enhanced, a wave-like response forms over the extratropical Pacific. The wave train emanates from the tropical Central Pacific, propagates along an arc, and bridges tropical thermal forcing with local circulation variations in the extratropical Pacific and North America (Figure 4a,b) . The Pacific ENSO acts as a wave source through changing the tropical convections and excites a PNA-like response. The amplitude and direction of the horizontal wave flux components are nearly identical over the North Pacific between El/P and El/N configurations. The vertical wave flux components, however, is contrastingly different in El Niño winters between the two phases of PDO, implying different vertical passages for upward wave propagation. The dominant vertical passage is situated over East Asia and the western coast of North America for the anomalous upward propagating waves during the positive PDO, while this passage is biased poleward to the Arctic Ocean during the negative PDO. In contrast, the response of the wave activity flux at 200 hPa in La/P winters is mainly controlled by the cold SST anomalies in North Pacific associated with the positive PDO (Figure 4c ), which largely resembles the response in the El/P winters. Specifically, the enhanced waves in the troposphere propagate upward from the East Asia and the western coast of Canada but propagate downward over the North Atlantic. The wave activity response to SST anomalies during the La/N winters is generally symmetric with that during the El/P winters (Figure 4a Disturbance of the Arctic stratospheric polar vortex results from the interference of anomalous waves propagating upward from the troposphere with the climatological troughs and ridges [1, 3, 9, 19, 29, 59] . To better understand the disturbance of polar vortex by the interference of the tropospheric wave sources with the climatological zonal waves, the vertical cross section for the eddy height responses averaged in the mid-to-high latitudes (45- 75° N) is shown in Figure 5 in the pressure-longitude plane for the four ENSO/PDO configurations. It can be seen that a negative tropospheric height anomaly center forms over the North Pacific near the date line during El Niño winters, but stronger during the positive PDO than during the negative PDO (Figures 5a,b) . The North Pacific height anomaly center is projected onto the negative lobe of the PNA-like response (Figures 3a,b and 4a,b) , and it is located near the climatological trough. The projected wavenumber-1 response is in phase with the climatological wavenumber-1 (shadings) to enhance the total waves during El Niño winters. In contrast, the wavenumber-1 response is stronger in El/P winters than in El/N winters (Figures 5e,f) . Both the eddy height response and its zonal wavenumber-1 tilt westward, indicating an enhanced upward propagation of planetary waves. The extratropical height response Disturbance of the Arctic stratospheric polar vortex results from the interference of anomalous waves propagating upward from the troposphere with the climatological troughs and ridges [1, 3, 9, 19, 29, 59] . To better understand the disturbance of polar vortex by the interference of the tropospheric wave sources with the climatological zonal waves, the vertical cross section for the eddy height responses averaged in the mid-to-high latitudes • N) is shown in Figure 5 in the pressure-longitude plane for the four ENSO/PDO configurations. It can be seen that a negative tropospheric height anomaly center forms over the North Pacific near the date line during El Niño winters, but stronger during the positive PDO than during the negative PDO (Figure 5a,b) . The North Pacific height anomaly center is projected onto the negative lobe of the PNA-like response (Figure 3a,b and Figure 4a,b) , and it is located near the climatological trough. The projected wavenumber-1 response is in phase with the climatological wavenumber-1 (shadings) to enhance the total waves during El Niño winters. In contrast, the wavenumber-1 response is stronger in El/P winters than in El/N winters (Figure 5e,f) . Both the eddy height response and its zonal wavenumber-1 tilt westward, indicating an enhanced upward propagation of planetary waves. The extratropical height response to La Niña during the positive PDO is fairly different from that during the negative PDO (Figure 5c,d) . The extratropical eddy height response lags the climatological waves in La/P winters, whereas the wave response in La/N winters is nearly a mirror image of the wave response in El/P winters. It is also seen that the wavenumber-1 component and its climatology are in quadrature in La/P winters, but the wave response is out of phase with its climatology in La/N winters (Figure 5g,h) . to La Niña during the positive PDO is fairly different from that during the negative PDO (Figures  5c,d) . The extratropical eddy height response lags the climatological waves in La/P winters, whereas the wave response in La/N winters is nearly a mirror image of the wave response in El/P winters. It is also seen that the wavenumber-1 component and its climatology are in quadrature in La/P winters, but the wave response is out of phase with its climatology in La/N winters (Figures 5g,h ). Figure 6 presents the composite Eliassen-Palm (E-P) flux anomalies and the E-P flux divergence [60] to demonstrate the upward propagation and dissipation of planetary waves from the troposphere to stratosphere. Consistent with the positive PNA response in the troposphere in El Niño winters, the planetary wave activity is intensified, and its upward propagation is strengthened in the mid-to-high latitudes (Figures 6a,b) . The upward propagation of waves in mid-to-high latitudes is Figure 6 presents the composite Eliassen-Palm (E-P) flux anomalies and the E-P flux divergence [60] to demonstrate the upward propagation and dissipation of planetary waves from the troposphere to stratosphere. Consistent with the positive PNA response in the troposphere in El Niño winters, the planetary wave activity is intensified, and its upward propagation is strengthened in the mid-to-high latitudes (Figure 6a,b) . The upward propagation of waves in mid-to-high latitudes is more uniform and more intense in El/P winters than in El/N winters (Figure 6a,b) , consistent with the larger easterly anomalies in the circumpolar region in El/P winters. The stratospheric polar vortex response to El Niño is sensitive to the PDO phase: When the cold mean state appears in the North Pacific as during the positive PDO, the enhanced SST meridional gradient can strengthen the extratropical response to tropical SST anomalies. For example, Hu et al. [57] reported that the northern winter stratospheric response to an ocean forcing with maximum SST warming in the tropics that decreases with latitude in both hemispheres is usually stronger than the response to a uniform SST warming pattern.
Upward Propagation of Planetary Waves and Stratospheric Response
Similarly, the suppressed upward propagation of planetary waves and the positive E-P flux divergence anomalies in the circumpolar region is more significant in La/N winters than in La/P winters (cf. Figure 6c,d) . The strengthened polar jet response in the circumpolar region is found to appear in La/N winters and in La/P winters. We find the polar night jet in La/P winters seemingly exhibits a southward shift and the response is much stronger than other configurations of ENSO and PDO (Figure 6c ). The La/P case number is relatively small than other configurations, and the strong zonal wind response in the composite might reflect the large internal variation of the stratospheric polar vortex. As the North Pacific height response is generally symmetric between El/P and La/N winters, the stratospheric polar vortex response pattern is largely similar but with the sign reversed (Figure 6a,d ).
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A Comprehensive View
The scatterplots of the ENSO index versus the stratospheric polar cap temperature (Tpole; 70-20 hPa, 60-90° N), stratospheric circumpolar westerly jet (Upole; 50-10 hPa, 65-75° N), PNA index, and Western Pacific (WP) index are shown in Figure 8 during all winters from the observations. The PNA and WP indices were also adopted to study the predictability of sudden stratospheric warming events and its tropospheric precursors [61, 62] . The linear relationship between each indicator and Niño3 index is regressed respectively for warm (Niño3 > 0) and cold (Niño3 < 0) ENSO states and for positive (red) and negative (blue) PDO phases, respectively. Because super El Niño events might have a different impact on the northern winter stratosphere from that of moderate El Niño events [13, 15, 16] , the three super El Niño events (Niño3 > 2.5 °C) in the 1982/83, 1997/98, and 2015/16 winters as extreme outliers were excluded to construct the linear relationship between ENSO and the four indicators. The stratospheric polar cap temperature anomaly tends to be warm in most moderate warm ENSO winters especially when ENSO and PDO are in phase. On the contrary, it tends to be cold in cold ENSO winters when ENSO and PDO are in phase (Figure 8a) . The linkage between super El Niño events and Tpole is weak, and the polar cap temperature is anomalously weak in two of the super El Niño winters. The regressed relationship between warm (cold) ENSO and Tpole during positive (negative) PDO shows a positive slope. It is also noticed that most points for Upole is negative especially when both PDO and ENSO are positive, and vice versa, when the PDO and ENSO indices are negative (Figure 8b) . In contrast, the points are more scattered and the linear correlation between ENSO and Upole is weak when the PDO and ENSO indices are out of phase. 
The scatterplots of the ENSO index versus the stratospheric polar cap temperature (T pole ; 70-20 hPa, 60-90 • N), stratospheric circumpolar westerly jet (U pole ; 50-10 hPa, 65-75 • N), PNA index, and Western Pacific (WP) index are shown in Figure 8 during all winters from the observations. The PNA and WP indices were also adopted to study the predictability of sudden stratospheric warming events and its tropospheric precursors [61, 62] . The linear relationship between each indicator and Niño3 index is regressed respectively for warm (Niño3 > 0) and cold (Niño3 < 0) ENSO states and for positive (red) and negative (blue) PDO phases, respectively. Because super El Niño events might have a different impact on the northern winter stratosphere from that of moderate El Niño events [13, 15, 16] , the three super El Niño events (Niño3 > 2.5 • C) in the 1982/83, 1997/98, and 2015/16 winters as extreme outliers were excluded to construct the linear relationship between ENSO and the four indicators. The stratospheric polar cap temperature anomaly tends to be warm in most moderate warm ENSO winters especially when ENSO and PDO are in phase. On the contrary, it tends to be cold in cold ENSO winters when ENSO and PDO are in phase (Figure 8a ). The linkage between super El Niño events and T pole is weak, and the polar cap temperature is anomalously weak in two of the super El Niño winters. The regressed relationship between warm (cold) ENSO and T pole during positive (negative) PDO shows a positive slope. It is also noticed that most points for U pole is negative especially when both PDO and ENSO are positive, and vice versa, when the PDO and ENSO indices are negative (Figure 8b ). In contrast, the points are more scattered and the linear correlation between ENSO and U pole is weak when the PDO and ENSO indices are out of phase.
As previous studies [3, 14, 21] reported, one of the ENSO teleconnections, the PNA, can bridge the stratospheric polar vortex response to ENSO. Most points for PNA are mainly scattered above (below) the zero line when both ENSO and PDO are positive (negative), while the PNA coordinates are homogeneously distributed above and below the zero line and the ENSO-PNA correlation is also weak when ENSO and PDO are out of phase (Figure 8c) . The other ENSO teleconnection, the WP is less sensitive to the phase of ENSO and PDO. For example, during the positive PDO, the regressed line slopes for warm and cold ENSO states are nearly the same (red lines in Figure 8d ). The regression lines for cold ENSO states during positive and negative PDO are nearly parallel (blue lines in Figure 8d ). It may be inferred that the unstable relationship between ENSO and the northern winter stratosphere is mainly explained by the PNA response. The consistent dynamic response between the troposphere and stratosphere provides evidence for the possible contribution of the PDO to the unstable relationship between ENSO and the northern winter stratosphere.
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Summary and Discussion
Recent studies have indicated the unstable relationship between ENSO and the norther winter stratospheric polar vortex. The northern winter stratospheric response to El Niño has been weakening in the past decades. Using the NCEP/NCAR reanalysis and HadISST analysis data, we explore in this study the possible modulation of the ENSO-northern winter stratosphere relationship by the PDO, which exerts an impact on SST mean state in the North Pacific on an interdecadal timescale. El Niño 
Recent studies have indicated the unstable relationship between ENSO and the norther winter stratospheric polar vortex. The northern winter stratospheric response to El Niño has been weakening in the past decades. Using the NCEP/NCAR reanalysis and HadISST analysis data, we explore in this study the possible modulation of the ENSO-northern winter stratosphere relationship by the PDO, which exerts an impact on SST mean state in the North Pacific on an interdecadal timescale. El Niño and La Niña events show large asymmetry in the positive and negative PDO phases, respectively. In general, El Niño events usually occur more frequently than La Niña events in the positive PDO, whereas more La Niña events appear in the negative PDO than El Niño events. Furthermore, the average El Niño intensity is larger in the positive PDO than in the negative PDO, whereas the average La Niña intensity is larger in the negative PDO than in the negative PDO.
As the composite El Niño is stronger in the positive PDO than in the negative PDO, the tropical precipitation response is stronger in El/P winters than in El/N winters. The positive PNA response to El Niño and the negative height anomalies over the North Pacific are much larger and more significant in El/P winters than in El/N winters. The asymmetric behaviors of El Niño events between the positive and negative PDO phases may partially explain the unstable stratospheric response to El Niño. The extratropical SST anomalies in El Niño winters that can be superimposed by the positive PDO or undermined by the negative PDO dominate more in locking the height response over the North Pacific and therefore the positive PNA response. Therefore, the passages for the upward propagation of waves from the troposphere is more unimpeded over the western coast of the North American continents and East Asia when the PDO is in its positive phase than in its negative phase. However, it is also revealed that the negative height response over the North Pacific also appears in La Niña winters when the PDO is positive, which may imply that the extratropical cold SST anomalies in the North Pacific associated with the positive PDO overwhelm the tropical cold SST anomalies associated with La Niña in determining the height anomaly pattern. In contrast, the negative PNA response forms and the upward propagation of waves in the western coast of North America and East Asia is suppressed in La/N winters, which is nearly symmetric to the response in El/P winters.
The negative height response over the North Pacific is mainly projected to the wavenumber-1 in El/P winters, which shows a westward tilt from the troposphere to the stratosphere and favors its upward propagation. The enhanced upward-propagating waves dissipate in the mid-to-high latitude stratosphere, weakening the stratospheric polar vortex. As the positive PNA response to El Niño is diminished in the negative PDO phase, and the enhanced upward propagation of the extratropical waves is limited. In comparison, the weakening of the stratospheric polar vortex in El/N winter is less significant than in El/P winters. It is not found that the extratropical height response to La Niña should weaken the climatological waves from the troposphere to the stratosphere: the wavenumber-1 response in La/N winters seems to be in quadrature with its climatology. In contrast, consistent with the negative PNA response, a weakened wavenumber-1 pattern forms in La/N winters, and the upward propagation of waves is largely suppressed in the mid-to-high latitudes, leading to a stronger polar vortex response.
The composite stratospheric El Niño signal may have been entangled with other external factors like the QBO and solar cycle from the relatively short observations. Because limited ENSO cases can be selected from observations, model evidence is required to further confirm the modulation of the stratospheric ENSO teleconnection by PDO. The PDO can change the mean SST state in tropical Pacific where ENSO occurs, leading to the asymmetry of ENSO's intensity and frequency in different PDO phase. Recent studies also found an asymmetric response of the stratospheric temperature to ENSO [15] [16] [17] . It was reported that El Niño has a stronger impact on the northern winter stratosphere than La Niña does. Our result also shows a stronger stratospheric response to El Niño than to La Niña, but this conclusion may be only true when the PDO index is high. This asymmetry can be possibly reversed if the PDO index is low. Moreover, the modulation of PDO on the stratospheric ENSO pathway may explain the weakening of the stratospheric El Niño signal in recent decades [47] .
Actually, the PDO is not the only SST mode that can modulate the interdecadal change of ENSO teleconnection. The Atlantic multidecadal oscillation can also affect the tropospheric ENSO's impact on the global climate, so its modulation on the stratospheric ENSO teleconnection also deserves further investigation in the future study.
Although we use the NCEP/NCAR reanalysis, which is longer than other reanalyses, the sample size for different ENSO/PDO configurations is still small, especially for El/N and La/P configurations. However, our results are highly consistent with a previous modeling study by Kren et al. [63] . Using a 200-year preindustrial simulation by WACCM [63] , a relationship between the positive PDO and the weak stratospheric polar vortex is established. Based on a 2000-year simulation dataset, the modulation of PDO on the stratospheric ENSO teleconnection might be confirmed in our multi-model study (Rao et 
